A dielectric nanoantenna with a relatively large refractive index possesses magnetodielectric properties that can offer the unique opportunity to tailor unidirectional scattering. Herein, we demonstrate that the interference from electric and magnetic multipoles in the silicon hollow nanodisk suppresses backscattering and enhances forward scattering of light. This concept is implemented to design a lossless dielectric collector element, which constitutes an enabling technology for applications that require backward scattering suppression, such as nanoantennas and photovoltaic devices.
INTRODUCTION
Nanoscale manipulation of the directionality of light scattering by small particles is the cornerstone in a variety of applications, from nanoantennas to cloaked sensors [1] [2] [3] . On the heels of recent advances in plasmonics and metamaterials, various kinds of nanoantennas have been proposed by shaping the emission patterns, such as Yagi-Uda configurations [4] , bulls eye designs [5] , and patch antennas [6] . The directionality of light scattering depends on different electromagnetic multipole moments of the scattering medium [7, 8] . The interference effects of the electric dipole and higher-order multipoles can support either forward scattering (FS) or backward scattering (BS), and hence, the contributions of different multipole moments inevitably interfere constructively or destructively with the scattered fields [9] [10] [11] . To achieve unidirectional scattering, one of the interesting strategies is to design spectral overlap of multipole resonances to suppress BS due to the generalized Kerker-type effect [12] . In terms of the interaction between electric and magnetic dipoles, multipole resonances excited in a nanoantenna are important to the realization of directional emission from metallic and dielectric nanoantennas [13, 14] .
When subwavelength features are imprinted on metals, metallic nanoantennas exhibit significant gain in directivity in the visible and near-infrared regimes. However, the intrinsic ohmic loss in metallic nanoantennas leads to low quantum efficiency [15] . Recently, large refractive index dielectric nanoantennas provide a solution to release the heat generated by classical metallic elements to optimize the emission directivity [16] [17] [18] . In particular, silicon as a common semiconductor with a moderate refractive index possesses electric and magnetic resonances [19] . It has been demonstrated that suppression of BS can been attained with large silicon nanospheres [20] . Additionally, disk-shaped silicon nanoparticles have been suggested to have potential in tailoring directional scattering [21] .
Herein, a directive nanoantenna comprising a hollow silicon nanodisk that can suppress BS and enhance forward directional scattering is investigated. Silicon has both electric dipole and higher-order multipoles without losses. We not only study the multipole contributions to the scattering cross section and directional scattering upon plane wave illumination, but also investigate the directional far-field emission of electric and magnetic dipole emitters placed close to the hollow nanodisk. The effects of placing a point dipole emitter for unidirectional scattering on the Purcell factor (PF) are also evaluated. Figure 1 presents the schematic illustration of the silicon hollow nanodisk. The scattering properties of the nanodisk are determined by finite-element method (FEM) with COMSOL Multiphysics. The thickness of the Si layer is t 15 nm and height H 200 nm. The air hole radius of the nanodisk is r 50 nm. The structure is assumed to be freestanding in air (the dielectric constant ε d 1) and illuminated by an incident plane wave (wave vector k along z direction) with linear polarization along the y axis. The dielectric response of the silicon is adopted from Palik's handbook [22] .
SIMULATION MODEL

RESULTS AND DISCUSSION
To investigate the scattering features of different nanoantennas, the forward/backward ratio scattering spectra and normalized total scattering cross section of the hollow nanodisk and perfect nanodisk are shown in Fig. 2 . The perfect silicon nanodisk has the same size but without the concentric hole. The FS and BS cross sections of the nanoantenna can be determined by an integral of Poynting vector in the semi-space with z coordinate >0, z coordinate <0 as follows:
As shown in Fig. 2(a) , the maximum ratios of the FS to BSFS∕BS max intensities for the hollow nanodisk occur at wavelengths of 379 nm, 434 nm, and 714 nm and the corresponding ratios of the FS/BS intensities are approximately 4.2, 5.5, and 10.4, respectively. It can be observed that FS is enhanced, while BS is suppressed at these wavelengths. Compared with the scattering response of the silicon perfect nanodisk, the ratio of the FS/BS intensity is approximately 10.4 at a wavelength of 714 nm for the hollow nanodisk. This value is larger than the maximum ratio (1.39) of the FS/BS intensity of the perfect nanodisk, indicating high directivity of the hollow nanodisk. To explicitly demonstrate backscattering suppression, the angular distributions of the scattering intensity in the far field are shown in Fig. 2(b) at the wavelengths of the FS∕BS max . Strong suppression of the BS and significant enhancement of the FS are observed at the wavelengths of the FS∕BS max , and constructive interference in the forward direction yields strong FS at these points for the hollow nanodisk. In addition, the substantial attenuation of the BS is related to multipole decomposition of nanoparticle scattering. The directionality can also be interpreted by the interferences between the electromagnetic fields generated by multipoles.
To achieve unidirectional FS for multi-wavelengths, this phenomenon can be achieved with the interference of the electric and magnetic dipole moments. Also, higher-order multipole moments play a crucial role in controlling unidirectional scattering, which is considered a significant contribution to the toroidal dipole moment (TD). The TD, which is a Cartesian multipole of the third order, has the same scattered field pattern as an electric dipole resonance [23] . In order to estimate the influence of multipoles on scattering of the nanodisk, an accurate analysis of multipole decomposition of a nanoparticle scattering cross section is required. Figure 3 presents the normalized multipole contributions to the scattering cross section of the nanodisk, and three evident resonances occur at 365 nm, 500 nm, and 612 nm in the total scattering cross section. These peaks can be explained by the multipole decomposition when the resonant contributions from different multipoles are tuned to overlap spectrally [24] . To clarify the contributions of different modes, multipole decomposition, including the electric dipole moment P (ED), magnetic dipole moment M (MD), TD T, electric quadrupole moment Q e (EQ), and magnetic quadrupole moment Q m (MQ), is considered as follows [25, 26] : 
where J is the electric current density, and r is the radius-vector of a volume element inside the scattering medium. Multipole contributions based on Eq. (6) show that the resonance peaks correspond to the overlap of several different multipole decompositions of the scattered field:
where I inc is the radiation power of the incident light wave.
As shown in Fig. 3(a) , the resonant peaks at 372 nm, 500 nm, and 612 nm in the total scattering cross section originate from the combined contributions of the electric and magnetic resonances, and TD of the hollow nanodisk. The MD contribution to the scattering cross section is approximately zero, and so the resonant peak at λ 372 nm in the total scattering spectrum is caused by the combination of the ED, MD, EQ, and TD, while the resonant peak around 500 nm in the total scattering response is attributed to the contributions of the ED and EQ. A resonance at approximately 612 nm is observed due to the contributions of the MD, ED, and TD. The total scattering cross section is enhanced at 612 nm because of the simultaneous appearance of these modes. It is known as superscattering and correlates with multipole resonances of the ED, MD, and TD [27, 28] . As shown in Fig. 3(a) , it is clear that the magnitudes of the electric and magnetic moments at 714 nm are identical, thus creating a superscattering spectral regime. It can be concluded that the Kerker-type effect can be realized due to the interference generated by the ED and MD moments of the nanoantennas. Therefore, the silicon hollow nanodisk can be tailored to produce resonances dominated by dipolar moments and also to combine with higher-order multipole moments.
For comparison, the scattering properties of a perfect silicon nanodisk are plotted in Fig. 3(b) . The scattering cross section exhibits several inconspicuous resonances from 350 nm to 900 nm. It is slightly red-shifted and dominated by the ED contribution in the whole spectrum. The scattering response of the hollow nanodisk combines the resonant contributions from the ED, EQ, MD, and TD, thereby making it more distinguishable and diversified than that of the perfect nanodisk.
To obtain more information about the scattering properties of the hollow nanodisk, the spatial profiles of the electric and magnetic fields at the wavelengths of the FS∕BS max are calculated and shown in Fig. 4 . With regard to the electric near-field distributions in Fig. 4(a) , the electric field of the Si hollow nanodisk at the wavelengths of the FS∕BS max has a nearly azimuthally symmetrical distribution. Within the hollow part, an almost homogeneous field distribution with a weak field enhancement is present. Regarding the field distributions of the E field at 434 nm, this hybrid resonance mode corresponds to two cross cuts of the displacement current loops in the nanodisk leading to two MD moments with a magnetic blank distribution.
The magnetic hotspots with highly enhanced localized fields are shown in Fig. 4(b) . The FS∕BS max near-field scattering patterns differ slightly from the typical patterns of the pure electric/magnetic dipole modes showing symmetry breaking along the forward and backward directions resulting from Research Article interferences with higher-order multipole moments. A high magnetic field intensity can be observed at 714 nm from the center of the hollow nanodisk as a result of the MD moment. This near-field distribution is an attractive property for the ideal nanodisk boding well for surface-enhanced Raman scattering (SERS) and sensing.
To clarify the influence of the geometry on the forward/ backward ratio scattering spectra for the hollow nanodisk, a systematic investigation is performed by varying three parameters, t, r, and H . As shown in Fig. 5(a) , different multipole resonances move forward to the longer wavelength when the thickness of the Si layer t increases from 15 nm to 30 nm. Meanwhile, the maximum ratio of the FS/BS intensity decreases gradually, thus indicating high directivity for t 15 nm. Figure 5(b) shows that the maximum ratio of the FS/BS intensity increases as the air hole radius is increased from 35 nm to 50 nm in addition to a small blueshift of multipole resonances. The thicknesses of the Si layer and air hole radius are fixed, while the height of the hollow nanodisk H is varied. The maximum ratios of the FS/BS intensity and resonance wavelengths increase when the height is increased, as shown in Fig. 5(c) . The ratio of the FS/BS intensity reaches the maximum, and a high directivity of scattering can be achieved when t, r, and H are 15 nm, 50 nm, and 200 nm, respectively.
According to the discussion above, the silicon hollow nanodisk is chosen to study unidirectional FS. To further enhance the directionality, we employ a hollow nanodisk with a linear chain along y axis, where the interparticle distance is 2 nm and the chain comprises N nanodisks. Figure 6(a) shows the spectral dependence of the far-field forward-to-backward (FB) directionality as a function of N . The FB ratio can be expressed by G FB 10 log 10 S F ∕S B , where S F is the amplitude of the power radiated in the forward (90°) and backward (270°) directions [29] . Figure 6(a) shows that G FB at λ 434 nm reaches 14.6 dB for the nanodisk chain with N 6, whereas the single nanodisk shows 7.4 dB. The peak positions of G FB are slightly red-shifted, and the peak intensities increase at 337 nm, 379 nm, and 434 nm as N changes from 1 to 6. The peak at λ 714 nm is blue-shifted due to the phase retardation effect [30] . It is also evident that a larger number in the nanodisk chain contributes to the unidirectionality effect. Figure 6 (b) depicts the far-field scattering patterns in a chain of the hollow nanodisks for the wavelengths of G FS∕BS max . The main lobe beamwidth decreases as N increases from 1 to 6, indicating better directionality. The FS pattern exhibits mostly suppressed BS, and the scattering intensity is azimuthally symmetrical. Also, other side scattering lobes arise in the case for smaller N due to overlapping of higher-order modes, and therefore, enhancement and attenuation of the scattering originates from constructive and destructive interferences of the ED, MD, and other higher orders.
In terms of realizing unidirectional scattering, tunable directionality is highly desirable in the design of nanoantennas for close-by dipole emitters. In this situation, not only the directionality is important, but also the PF plays a dominant role. To evaluate the modification effect of dipole emission, the PF is calculated by evaluating the ratio of the emitted power with or without the nanoantenna as [31] [32] [33] 
where P is the power radiated by the electric or magnetic dipolar emitter in the presence of the disk with the resonator, and P 0 is the power lost by a MD without the resonator in vacuum.
We consider the ED and MD emitters with dipole excitation of the hollow nanodisk parallel to the y axis, as shown in Fig. 7 . The dipole is placed in the center of the hollow nanodisk bottom. As shown in Figs. 7(a) and 7(b), addition of the ED and MD dipole emitters to the bottom of the nanodisk changes the radiation pattern only slightly. The red-shift in the spectral position of the highest directivity can be explained by the difference between the near-field and far-field illumination [34] . Moreover, the PF of the ED is approximately 2.5 at 625 nm, whereas the PF is approximately 6.8 at 667 nm in the case of the MD emission. It is mainly due to that the ED emission is now placed on the electric nodes of the MD modes [35] . Therefore, the hollow nanodisk not only significantly enhances MD emission, but also suppresses ED emission in the same spectrum range.
CONCLUSION
Unidirectional scattering from the hollow silicon nanodisk is investigated with the multipole decomposition method. Unidirectional scattering relies on the constructive interference between the electromagnetic fields generated by the ED, MD, and TD, as well as other multipole moments in the forward direction of the silicon nanoantennas. The maximum ratio of the FS/BS intensity can be explained by the scattered fields of the ED and MD moments in the forward direction. The scattering properties of the silicon dielectric particles provide a new concept to design unidirectional light-emitting devices over a broad spectral arrange, thereby rendering optical antennas with enhanced light absorption for microwave and nano-optics applications. 
